The excitation dynamics of defects in insulators plays a central role in a variety of fields from Electronics and Photonics to Quantum computing. We report here a time-resolved measurement of electron dynamics in 100 nm film of aluminum oxide on silicon by Ultrafast Scanning Electron Microscopy (USEM). In our pump-probe setup, an UV femtosecond laser excitation pulse and a delayed picosecond electron probe pulse are spatially overlapped on the sample, triggering Secondary Electrons (SE) emission to the detector. The zero of the pump-probe delay and the time resolution were determined by measuring the dynamics of laser-induced SE contrast on silicon. We observed fast dynamics with components ranging from tens of picoseconds to few nanoseconds, that fits within the timescales typical of the UV color center evolution. The surface sensitivity of SE detection gives to the USEM the potential of applying pump-probe investigations to charge dynamics at surfaces and interfaces of current nano-devices. The present work demonstrates this approach on large gap insulator surfaces.
Introduction
Crystalline aluminum oxide is an excellent electrical insulator with a bandgap of 8.7 eV [1] . Thanks also to its mechanical stability and relatively low dielectric constant it was proposed as a substitute for silica in the gate oxides of metal oxide transistors [2] . It has been shown that it is possible to create oxygen vacancies in its crystalline lattice by irradiating pure crystals with heavy ions [3] , neutrons [4] , electrons [5] , gamma rays [6] as well as by vacuum heating polycrystalline alumina powder [7] ; the vacancies act as color centers, giving rise to characteristic absorption bands at energies below the bandgap [8] . The interaction of color centers with UV light makes alumina interesting also for optoelectronics applications, both in radiation detection [9] and in data storage [10, 11] . Excitation, lifetime and decay pathways of excited states of the most common oxygen vacancies in alumina have been studied by photoluminescence [12] and cathodoluminescence [13] . The development of femtosecond electron sources [14, 15] makes it now possible to study ultrafast electron dynamics by a novel technique called Ultrafast Electron Microscopy [16] [17] [18] , which combines the spatial resolution of an Electron Microscope (EM) and the temporal resolution typical of an ultrafast optical pump-probe configuration: the sample is excited by two ultrashort pulses, one optical and one electronic, and the effect on typical electron microscope probes, such as SE, is measured as a function of the delay between the two pulses. The nanometer escape depth of the SE probe [19, 20] gives the potential to address dynamics at surfaces and interfaces of today's nano-scale devices, where many applications rely on the interplay between semiconductors and insulators. Measurements performed with USEM have shown that SE are sensitive to the excitation of electrons in semiconductors triggered by optical pulses [21] [22] [23] , but the technique has never been applied to insulators. In this paper we report the first USEM measurement on a thin film of alumina on silicon. The introduction of an electron beam modulation and lock-in detection technique has allowed us to extrapolate the weak ultrafast electronic signal superimposed on a large electronic background. Our results show that SE dynamics can be excited both by the optical and by the electronic pulse.
Experimental setup and measurement technique
Our experimental setup (see Fig. 1 Pa during the present work, with the pulsed primary electron source driven by an ultrafast laser. The femtosecond electron source has been realized by replacing the original lanthanum hexaboride assembly with a Schottky field emission setup, where a lateral MgF 2 view-port grants the laser beam access to the tip.
We use an ultrafast fiber laser Amplitude Systèmes model Satsuma, emitting pulses at 1030 nm, corresponding to 1.2 eV photon energy, with a pulse duration of 270 fs, a repetition rate of 10 MHz and an average power of 10 W. The optical pulses are separated by a beam splitter into two synchronized arms: the first one is frequency quadrupled by a Fourth Harmonic (FH) generation stage delivering pulses with 4.8 eV energy, that impinge on the tip and photoemit ultrafast electron pulses [15, 24] . The second arm is frequency tripled in a Third Harmonic (TH) generation stage to obtain photons with an energy of 3.6 eV, which will optically excite the sample. A fully pulsed electron beam is obtained only for tip temperature just below the thermal emission threshold; excessive tip cooling is avoided to prevent surface contamination. The electron beam generated by the source is accelerated to 10 keV, focused and raster scanned on the sample. SE emission, detected by a channeltron based detector, is recorded into SEM images. The pulsed primary current may be regulated by acting on the optical power impinging on the tip; the maximum emitted current is about 700 nA, but a large portion of the electrons is lost in the gun area and in the column, so that the maximum value achievable at the sample is 180 pA (measured by biasing the sample at +100 V), corresponding to 110 electrons per pulse. Once the current is set, the sample is grounded and the primary beam is raster scanned on the surface, while measuring SE emission.
The TH pulses are delayed with respect to the electron pulses by changing the length of the optical path through a 60 cm adjustable delay stage. The length of the optical path was set, keeping into consideration the travel time of the primary electrons into the electronic column of the microscope, in order to guarantee regulation of the delay on the sample between +2 and −2 ns. The stage is controlled by a servo motor working in closed loop with an encoder with 1 µm resolution, corresponding to a delay resolution of 6 fs. Both the optical setup and the microscope are installed on two anti-vibration tables mechanically joined to reduce oscillations that could affect pointing stability of the laser on the tip and on the sample.
Samples used are a slab of B-doped Si (100) and a thin film of aluminum oxide (100 nm) on silicon; both were cleaned by sonication in acetone and ethanol. Furthermore, bare silicon samples were immersed in 5% HF for 45 s and then in deionized water to remove native silicon oxide and passivate the surface. They were installed on the same sample holder with carbon tape and inserted in the UHV chamber through a load-lock.
In conventional SEM imaging, the tip is heated above the thermal emission threshold and a continuous electron beam is emitted and raster scanned over the surface of the sample. SE contrast gives information about the morphology of the surface, as reported in Fig. 2 
(left).
Using a continuous electron beam it's possible also to check the effect of the laser-induced contrast on the sample in real time. On alumina, the laser pump (with a fluence per pulse equal to 520 µJ/cm 2 ) enhances SE emission in the area of the laser fingerprint as shown in Fig. 2 (middle) . On silicon the optical excitation fluence had to be reduced below 30 µJ/cm 2 to avoid permanent damages; nonetheless, no CW component of laser excitation was observed.
USEM images are instead obtained by optically exciting the sample and raster scanning the pulsed primary electron beam on an area that includes the laser spot. The SE contrast depends both on the sample morphology and on the delay between the pulses as shown in Fig. 2 (right).
The lateral resolution on the uniform alumina surface is limited by the size of the optical beam spot, while the depth resolution is determined by the escape depth of SE, that is of the order of few nanometers [19, 20] . In the present work we focus on the physical mechanisms underlying the USEM contrast generation in large gap insulators, giving insight into the electron dynamics at the first atomic layers from the surface of the material; the USEM technique has thus the potential to complement the information from full optical pump-probe that has intrinsically a larger depth sensitivity and a bulkier nature.
Results and discussion
The SE dynamics measured on a slab of B-doped Si (1 0 0) allows to define the zero of the delay and to evaluate the effect of primary electron current on the time resolution of the system [25] . The dynamics obtained on silicon using different values of the electronic current is shown in Fig. 3 ; our data show that SE emission at positive delays (electronic pulse after the optical one) decreases with respect to negative delays (optical pulse before the electronic one) as will be reported elsewhere 1 , and the intensity of the SE emission jump near zero delay follows the intensity of the electronic current impinging on the sample. The optical pump-induced decrease of the SE current has been fitted with an error function to determine the effective zero in the relative delay, i.e. the position of the delay stage corresponding to optical and electronic pulses being temporally overlapped on the sample, as well as the temporal resolution of the setup determined by the duration of the electron pulse.
The rise time (see Table 1 ) appears to be strongly dependent on the number of electrons per pulse reaching the sample; this is attributed to a broadening of the electron probe pulse along the longitudinal direction of the microscope column due to coulombian repulsion forces acting among electrons during propagation from the tip to the sample [25] , which limits the time resolution of the system.
In order to disentangle the continuous component of the SE signal due to optical excitation of alumina (see Fig. 2 -middle) from its ultrafast component as probed by the delayed interaction of the optical pulse with the electron pulse, a modulation technique is used. The optical beam driving the electron source is modulated using a mechanical chopper at 1.2 kHz; the primary electron beam, pulsed and modulated, is raster scanned only inside the area of the optically excited surface, and the SE signal is demodulated with a lock-in amplifier. For each delay, the demodulated signal is integrated for 1 min, normalized to the primary electron current and recorded; the measured dynamics is reported in Fig. 4 .
The data show an enhancement in SE emission that becomes stronger when approaching from both the negative and the positive side the zero delay, where a dip in the emission appears. The experimental values are fitted (see Eq. (1)) with a constant background k (due to the usual SE emission of alumina in the absence of optical pumping) and three exponential functions multiplied by an appropriate Heaviside function (defined as h(t) = 1 for t ≥ 0; h(t) = 0 for t < 0) and convolved with a gaussian function with a standard deviation equal to σ = 24 ps attributed to the system resolution (the present data were acquired using an electron beam current of 100 pA due to sensitivity reasons) 1 ( 1) hereafter explained also using the band diagram reported in Fig. 5 .
• The dynamics of SE enhancement for positive time delays is fitted with an average exponential decay with τ 1 = 12 ± 3 ns (within an increase of the root mean square error of the fitting of 5%). The enhancement is attributed to the increased efficiency of SE emission determined by the increased availability of electrons due to the color centers excitation. Optical pulse photons have energy of 3.6 eV corre sponding to 343 nm and, among the known defects in alumina, may excite only the double oxygen vacancy with one missing electron [10, 12] . Two luminescence peaks are associated to that: one at 380 nm (3.26 eV) with multi-exponential decay and τ in a wide range from 4.5 ns to 71 ns [7] , the other at 750 nm (1.65 eV) with a τ of 80 ns [10] . Our observed dynamics is attributed to the first relaxation channel of the excited color centers, which reduces their population and therefore the SE emission.
• The dynamics of SE enhancement for negative time delays is fitted with an exponential growth with τ 2 = 5 ± 3 ns reaching the maximum in zero, due to an inversion of the role of the pump and the probe pulses with respect to the positive delays: the sample is excited by the electron beam and probed by the laser. Cathodoluminescence measurements reported on alumina show that the electron beam is
Ultramicroscopy xxx (2018) xxx-xxx Fig. 3 . Time-resolved measurement of SE current (dots) emitted from silicon near zero delay for different number of electrons per pulse. For each excitation current the error function fit (thin line) is reported.
Table 1
Summary of the correspondence between (from left to right) the energy per pulse measured before the lateral view-port (the declared transmission of the view-port @ 257 nm is about 92%, and the estimated diameter of the laser beam focused on the tip is 10 µm), the primary current reaching the sample, the number of electrons per pulse, the measured rise-time from 20% to 80% of the overall signal, and the relative standard deviation of the corresponding gaussian temporal profile describing the electron pulse. able to excite both F and F + color centers [13] ; in both color centers the excited electrons are near the conduction band [12] , and their reported electron affinity is lower than our pump photon energy [26] . The optical pulse may determine photoemission of excited electron of F + color centers acting as a probe of the excited population; in particular F + decay at 330 nm (3.76 eV) has a lifetime estimated to be less than or close to 7 ns [7, 27, 28] , in accordance with the decay of our emitted electrons.
• The F color centers can be either in the triplet excited state, with lifetime τ = 34 ms [7] , or in the singlet state with τ estimated in less than 1.6 ns at room temperature [29] . The slow triplet decay, with a lifetime much longer than the repetition time of the laser (100 ns), can give rise to a stationary background of excited color centers, which is responsible for the bright spot of the long-lasting increased SE emission observed under optical excitation and seen in Fig. 2 , middle panel. Due to the long response time of the detector, an electronic signal of "pure" photoemission would be revealed by the detector independently from the position of the electron beam on the sample, leading to an increase of the brightness of the SEM image throughout the whole field of view. Since the bright zone is limited to the laser spot area, this shows that the enhanced electronic emission registered by the SEM image is mainly related to the combined effect of the electron beam that excites the color centers [13] and the optical pulse that determines the photoemission of these excited electrons.
• The dip in the SE around zero delay is the fastest dynamics observed and its evolution can be fitted with a decay time of τ 3 = 70 ± 25 ps, well above the experimental time resolution of the present setup. Based on a similar behavior observed on single-crystal Si 2 , we tentatively associate this feature to the dynamics of the sample surface states within a layer thinner than the typical probing depth of SE detection, which is less than 10 nm. This dynamics could arise both from the surface polarization and from the trapping of charge carriers at very shallow surface defects. As an example, charging of alumina surface due to multiphoton photoemission was already reported in literature and the decay time of the excess surface charges was measured to be 1 ps [30] . In the present case, the transient positive surface potential of the illuminated area could lead to the reduction of the SE emission.
Conclusions
This paper reports on an USEM working in UHV and combining a pulsed electron beam excitation with an optical pulse. The effect on the SEM image of a laser excitation of a thin layer of alumina on silicon was observed. By exploiting a lock-in demodulation technique, it was possible to extrapolate the weak ultrafast electronic signal superimposed on a remarkably slow electronic background in the laser spot area, due to the optical pulse that excites electrons to energy levels with a lifetime much longer than the repetition time of the experiment. The time resolved measurement on alumina allows recognizing two ex Ultramicroscopy xxx (2018) xxx-xxx citation regimes, in which the optical pulse and the electron pulse proved to be able to act either as a pump or a probe, giving rise to dynamics of the order of nanoseconds, compatible with the electron dynamics in color centers; moreover, we find a faster dynamics on the tens of picoseconds, that is tentatively associated to dynamics at the first atomic layers from the surface, which can be effectively accessed thanks to the nanometers depth resolution of the USEM technique. While confirming the results obtained on other insulators, our study opens the road for real space time-resolved imaging of photoexcited carrier dynamics in semiconductor and insulator heterostructures; the technique will perspectively allow to investigate surface defects and color centers of devices and structures at the nanoscale with the nm lateral and less 10 nm depth resolution typical of a SEM.
